Geckos comprise both nocturnal and diurnal genera, and between these categories there are several transitions. As their retinae have definitely to be classified as pure cone retinae, they provide an especially attractive model for comparison of organization and regional specializations adapted to very different photic environments. While the visual cells themselves show clear adaptations to nocturnal or diurnal lifestyles, the overall retinal organization is more related to that of diurnal vertebrates. Nocturnal geckos have lost any foveae of their diurnal ancestors, but they have retained a low convergence ratio and a high visual cell density. To enhance visual sensitivity, they exploit binocular -but not necessarily stereoscopic -vision. Diurnal species have retained binocular vision. Most diurnal species have developed new foveae, which are consequently located not in the central but in the temporal region of the retina.
Introduction
The basic structure of vertebrate retinae comprises three cellular and three neural layers. From sclerad to vitread the nuclei of the visual cells, which form the outer nuclear layer, are followed by the outer plexiform, inner nuclear, inner plexiform, ganglion cell and optic nerve fiber layers. However, both the visual cells and the other retinal neurons tend to vary in size, shape, number and arrangement among vertebrate groups. These variations reflect habits and habitats of the different groups. Most striking are retinal adaptations to nocturnality and diurnality.
Visual cells of vertebrates are usually categorized into rods and cones, which operate maximally at low and high light intensities, respectively. Accordingly, retinae of strictly nocturnal vertebrates are dominated by rods. In contrast, retinae of diurnal vertebrates have high numbers of cones, while the population of rods is small or completely absent. Furthermore, retinae of diurnal animals are characterized by thick inner nuclear and inner plexiform layers due to the connectivity patterns of the retinal neurons (Rodieck, 1973) . Typically, these retinae are provided with regional specializations, e.g. visual streaks, areae or foveae, which show higher densities of visual and/or ganglion cells compared with the unspecialized regions.
Most lizards are strictly diurnal. Their retinae usually lack rods and are generally characterized by centrally located foveae. Pure-cone retinae appear to be common in lizards like iguanids, chameleonids, agamids, scincids, lacertids, anguids, pygopodids and varanids (Detwiler & Laurens, 1920; Verrier, 1933; Underwood, 1951 Underwood, , 1957 Underwood, , 1970 Anh, 1968 Anh, , 1969 Crescitelli, 1972; Young, 1977; Armengol, Prada, Ambrosiani, & GenisGalvez, 1988; Rö ll, 1998; Rö ll & Horn, 1999) . Their foveae are convexiclivate in eyes of chameleonids, iguanids and agamids or more concaviclivate or shallow in eyes of lacertids, scincids and varanids (Detwiler & Laurens, 1920; Verrier, 1933; Walls, 1942; Vilter, 1949; Williams, Colley, Anderson, Farber, & Fisher, 1986; Lanuza, Martínez-Marcos, Font, & Martínez-García, 1996; Rö ll, 1998) . The eyes of anoline iguanids are unique among reptiles in that they are bifoveate with both a convexiclivate central and a shallow temporal fovea (Makaretz & Levine, 1980; Fite & Lister, 1981) .
However, the majority of the Gekkonidae, the second largest extant lizard family, is nocturnal. Geckos are small to moderate-sized, agile lizards occurring worldwide in tropical and subtropical regions. Only 15 genera out of approximately 90 are diurnal, and between the categories 'nocturnal' and 'diurnal' there are several transitions. With regard to their evolution, the Gekkonidae are unique among lizards. According to Walls (1934 Walls ( , 1942 , nocturnal geckos are supposed to have descended from primarily diurnal lizard ancestors with pure cone-retinae possessing coloured oil droplets. Thus, the rod-like visual cells of extant nocturnal geckos have transmuted from cones. However, they generally lack oil droplets (Walls, 1942; Underwood, 1951 Underwood, , 1970 Rö ll, 2000a) . Regarding nocturnality as a derived character, Walls designated geckos as 'secondarily' nocturnal. Several genera have reverted from nocturnal to diurnal habits again, designated as 'tertiarily' diurnal by Walls. Their visual cells have undergone a second transmutation from superficially rod-like visual cells back to cones, most of which also lack oil droplets. However, the visual cells of both nocturnal and diurnal geckos exhibit characteristics of cones at all levels of their ultrastructure (Rö ll, 2000b) . The biochemical compositions of gekkonid eye lenses and genetics of the visual pigments strongly support this notion. The lenses of diurnal geckos contain a specific ultraviolet filter consisting of vitamin A 2 bound to i-crystallin, which is identical with the cellular retinolbinding protein type I (Rö ll, Amons, & de Jong, 1996; Rö ll & Schwemer, 1999) . The visual pigments both of nocturnal and diurnal geckos show greatest similarities to those of cone opsins (Kojima, Okano, Fukada, Shichida, Yoshizawa, & Ebrey, 1992; Taniguchi, Hisatomi, Yoshida, & Tokunaga, 1999) . Geckos apparently have a trichromatic visual system with absorption maxima in the violet, blue and green wavelength range (e.g. Crescitelli, 1972; Rö ll, 1996a; Loew, Govardoskii, Rö hlich, & Szél, 1996) .
Geckos are a distinct phylogenetic group of lizards depending mainly on their visual sense for prey capture, regardless of their activity periods. As their retinae are pure cone retinae, both scotopic and photopic vision in geckos is performed by one basic visual cell type. Thus, their retinae provide an especially attractive model for comparison of organization and regional specializations adapted to very different photic environments.
Up to now, regional specializations typical for retinae of predatory vertebrates have been mentioned in the eyes of the neotropical diurnal gekkonid genera Gonatodes and Sphaerodactylus and in one representative of the Madagascan genus Phelsuma: retinae of these genera are provided with foveae (Underwood, 1951; Tansley, 1964) . The fovea of the Phelsuma species is described as being shallow and poorly developed. Both the morphology of the foveae of other diurnal species and the ultrastructure of foveal visual cells is unknown. In this study, retinae of different diurnal and nocturnal geckos are investigated with emphasis on retinal organization and occurrence and structure of foveae.
Materials and methods

Materials
Animals were housed in glass terraria under a 12 h light/dark cycle; temperatures ranged from 21-23°C at night to 28-34°C during the day. The geckos were fed a variety of insects and their larvae; drinking water was enriched with calcium, phosphate and vitamins. Several species were reared in the laboratory; of a few species only one or two specimens have been available.
Retinae of the following species were examined: (1) diurnal species (Gonatodes albogularis, G. 
Electron microscopy
Light-and/or dark-adapted (minimum of 4 h) animals were anaesthetized by chilling to 4°C, killed by decapitation and enucleated. The eyes were either fixed whole or after removal of cornea, iris, lens and vitreous. Both whole eyes and eye cups were marked by small incisions at the dorsal and nasal retinal margins for reconstruction of the orientation of the preparations. Samples were fixed for 2-4 h in 2% paraformaldehyde, 2.5% glutaraldehyde in phosphate buffered saline at pH 7.2. Some of the specimens were fixed for 4 h in 4% paraformaldehyde, 3% glutaraldehyde, 6% acrolein, 10% dimethylsulphoxide at pH 7.2 in 0.1 M cacodylate buffer. After rinsing, the preparations were postfixed in 2% osmium tetroxide for 2 h and dehydrated through a graded ethanol series (range 30-100%). The samples were passed through propyleneoxide or acetone and embedded in Epon or Spurr's epoxy resin, respectively. Eye cups were carefully oriented before polymerization so that longitudinal or tangentional sections through the fovea could be obtained. Serial semithin sections were stained with toluidene blue and examined and photographed with a ZEISS axioplane microscope. Ultrathin sections were double-stained with uranyl acetate and lead citrate and examined with a ZEISS EM 109 transmission electron microscope at 80 kV.
Measurements
Thicknesses of the retinal layers were determined on light and electron micrographs of longitudinal sections of whole retinae. Measurements of lengths and diameters of photoreceptor outer segments are based on electron micrographs and are quoted as mean and standard deviations. On longitudinal sections, only visual cells which have been cut centrally through paraboloid, ellipsoid and outer segments have been chosen for measurements. However, it cannot be excluded that some outer segments have not been cut along their entire lengths. Thus, the average lengths of the outer segments may be underestimated. The volumes of the more conical outer segments of visual cells of diurnal geckos were calculated using the formula for circular cones (V= y/3·r 2 ·h). Data were not corrected for slight shrinkage during embedding. Visual cell counts and density calculations were done on cross sections of the different retinal regions. The convergence ratio (number of receptor cells to ganglion cells) was estimated by counting cell nuclei on longitudinal sections.
Results
The retinae of all geckos investigated are composed of the visual cell layer (excluding the nuclei), two plexiform layers, two nuclear layers, a ganglion cell layer and a nerve fiber layer, as is typical for vertebrates (Fig. 1) . In the retinae of most diurnal genera, four different regions can be distinguished: peripheral, extrafoveal, parafoveal and foveal region. In the retinae of nocturnal and diurno-nocturnal genera, the differentiation is restricted to peripheral and extrafoveal regions. The foveal region is defined as the region of the foveal pit. In retinae of those species which do not have a distinct pit, it is defined as the region of the highest visual cell density. The parafoveal region is an annular region surrounding the fovea, in which either the thicknesses of the inner nuclear and the inner plexiform layer increase to a maximum or where the visual cell densities are lower than in the fovea, but significantly higher than in the extrafoveal region. The extrafoveal region is defined as the region beween the parafovea and the periphery. Because of the position of the fovea in gekkonid eyes, the extrafoveal region between the fovea and the temporal region of the ora serrata is very small; here, parafoveal and extrafoveal regions are not differentiated.
Extrafo6eal retinal organization
Thicknesses of the different retinal layers of the extrafoveal regions of gekkonid retinae are summarized in Table 1 . Thicknesses of the visual cell layers differ considerably between nocturnal and diurnal geckos and vary from 21mm to 117 mm. This difference is mainly due to the significantly different lengths of the photoreceptor outer segments ( Fig. 1; Table 1) .
A cell type which traverses through the whole retina from the inner limiting membrane to the vitreal parts of the photoreceptor inner segments is the neuroglial Mü ller cell. Their small nuclei with evenly distributed chromatin are found in the vitreal part of the inner nuclear layer, generally between the cell bodies of the amacrine cells. Their cytoplasm is granulated and darker than that of the other retinal cells (Fig. 1a-d The outer nuclear layer is 5-12 mm thick and consists generally of one row of visual cell nuclei; occasionally two visual cell nuclei are lying one upon the other ( Table 1 ). Typically, the visual cell nuclei are circular or oval in shape and lie closely beneath the outer limiting membrane or sometimes penetrate it. Vitread to the visual cell nuclei displaced neurons of the inner nuclear layer are found in all retinal regions. These are considerably denser stained than those of the visual cells and resemble nuclei of the bipolar cells (displaced bipolar cells) ( Fig. 1e-f ). Displaced bipolar cells are commonly found in non-mammalian retinae (Rodieck, 1973) . In retinae of Pristurus rupestris the displaced neurons have lobed nuclei.
In some sections, the displaced neurons have delicate processes, which point sclerad but do not reach the outer limiting membrane. These processes could be called Landolt's clubs. However, the processes of bipolar cells of geckos differ from those of other lower vertebrates, e.g. of fishes (Locket, 1970 (Locket, , 1973 , by the absence of ciliary structures and mitochondria. In the retinae of all species investigated, the ratio of displaced neurons to visual cell nuclei ranges from about 0.3 to 0.9 depending on the retinal region. Generally, the frequencies of displaced neurons decrease towards the periphery.
The outer plexiform layer is relatively thin and ranges between 5 mm and 17 mm (Table 1) . It consists of a mixture of processes of horizontal and bipolar cells and the cone pedicles. Extrafoveally, the latter are arranged in a single row along the distal margin of the outer plexiform layer, isolated from each other by Mü ller cell extensions. a Activity -D, diurnal; N-D, nocturno-diurnal; D-N, diurno-nocturnal; N, nocturnal; VCL, visual cell layer (tips of outer segments to OLM); OLM, outer limiting membrane; ILM, inner limiting membrane; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer; NFL, nerve fibre layer.
The inner nuclear layer is 20-50 mm thick. In nocturnal and diurno-nocturnal genera and in the nocturnodiurnal species Phelsuma guentheri it consists of about five to six rows. In retinae of strictly diurnal species, the inner nuclear layer is composed of about seven to eight rows, in Rhoptropella ocellata of up to 10 rows of nuclei of horizontal, bipolar and amacrine cells interspersed between the radial fibers of the Mü ller cells (Fig. 1a-d) . Different types of neurons can be distinguished on the basis of location, nuclear staining, their sizes and shapes (Fig. 1e) . The horizontal cells appear poorly stained and lie in an irregular row at the scleral side of the inner nuclear layer. Unambiguous identification of the horizontal cells is somewhat difficult as they are more horizontally extended. The tightly packed nuclei of the bipolar cells are smaller in size and densely stained. They are predominantly located in the distal inner nuclear layer and from three to five rows like the amacrine cells, which have larger and less stained nuclei, much more cytoplasm and are arranged at the vitreal border of the inner nuclear layer. Small bundles of axons lie between the retinal neurons; the axons are separated from each other by Mü ller cell extensions (Fig. 2a) .
The inner plexiform layer consists of a complex meshwork of processes of the neurons situated in the inner nuclear layer and in the ganglion cell layer. Its thickness ranges from 36 mm to 61 mm between species and does not depend on lifestyle (Table 1) .
The ganglion cell layer is approximately 4-10 mm thick and contains a single cell layer of relatively large somata, separated by Mü ller cell endfeet (Fig. 1a-d,  2c ). In the retinae of some gekkonid species, ganglion cell nuclei are occasionally displaced to the inner plexiform layer. As these are extremely rare, they are regarded as misplaced ganglion cells. The ganglion cells have relative abundant cytoplasm containing rough endoplasmic reticulum (Nissl substance), mitochondria and Golgi complexes. Their nuclei have prominent nucleoli. The morphology of the somata -without dendritic staining -does not permit a clear differentiation of ganglion cell types and/or displaced amacrine cells. The convergence ratio (visual cell nuclei to nuclei in the ganglion cell layer) reaches a value of approximately 1 in retinae of all species independent of their activity periods and remains constant in the extrafoveal regions.
The unmyelinated axons of the ganglion cells form the nerve fiber layer. They often run in bundles which are surrounded by branches of Mü ller cell endfeet (Fig.  2c) . Thickness of the nerve fiber layer is dependent on the retinal regions; the layer is thickest in the central retina near the optic nerve, and thinnest in the peripheral regions of the retina.
In all species investigated the optic nerve arises in the central part of the retina, slightly displaced ventronasally (Fig. 2e) . It contains both myelinated and unmyelinated axons of strikingly variable diameters (Fig.  2d) . Occasionally, mitochondria are present in the axons. In all species, chromatophores with melanin granules are found within the nerve. These closely resemble those of the conus papillaris originating on top of the optic nerve (Fig. 2e) . Blood vessels, which supply the conus, are also found within the optic nerve. In contrast, the retinal layers of all species investigated are completely devoid of blood vessels.
Measurements of thicknesses of retinal layers were based on micrographs of longitudinal semithin and/or longitudinal ultrathin sections of extrafoveal regions. As some longitudinal sections may be slightly oblique, the absolute values may be overestimated. Thus, for comparison the thicknesses of the different retinal layers were calculated as percentages of the retinal region between the outer and inner limiting membranes ( Table  1) . The region between the limiting membranes was chosen because differences in thicknesses of the whole retina are largely due to the different lengths of the photoreceptor outer segments ( Fig. 1 ; Table 1 ).
The absolute thicknesses from the outer to the inner limiting membranes of the retinae of the various species range from 78 mm to 162 mm (Table 1) . The relative values for outer nuclear, outer plexiform, inner plexiform and ganglion cell layers vary between species; however, they do not differ between retinae of nocturnal and diurnal species. The corresponding values for the inner nuclear layers change only slightly comparing retinae of species with different activity period. The values for nocturnal, diurno-nocturnal and nocturnodiurnal range from 26 to 33%, whereas those for strictly diurnal species range from 33% to 34%. This slight difference is not significant.
Occurrence of fo6eae
In order to localize foveal regions and to examine their ultrastructure, whole eyes or eye cup preparations of 14 species were investigated with light and electron microscopy on serial semithin and ultrathin sections Eyes of all nocturnal and diurno-nocturnal species completely lack foveae. In contrast, eyes of diurnal species -except R. barnardi -possess a single fovea. Although being strictly diurnal, R. barnardi apparently lacks foveae.
In all species provided with a fovea, this is located in the temporal region of the peripheral retina, near the level of the eye equator (Fig. 2e, f) . Horizontal semithin sections of a whole eye. The spectacle has been removed. C, cornea; CP, conus papillaris; I, iris; L, lens; ON, optic nerve; R, retina; n, nasal; t, temporal. The arrowhead points to the temporal fovea. Scale bars: 5 mm (a-d), 500 mm (e, f).
Structure of fo6eae
The foveae of the genera Lygodactylus and Gonatodes are well-developed with a clearly defined pit, which is relatively deep, but not funnel-shaped as in eyes of some other lizards or of birds. Thus, the foveae appear more concaviclivate in shape according to Walls' (1942) definition. The foveal pits of Lygodactylus and Gonatodes are not free of inner retinal layers. Due to the high visual cell density, the outer nuclear layer of the pit comprises four to five nuclei layers in Lygodactylus species and three to four rows in Gonatodes species. In the parafoveal region of Lygodactylus and Gonatodes the outer nuclear layer consists of up to five to six and eight to nine rows of nuclei, respectively. Here, the visual cell nuclei become considerably elongated and spindle shaped. They are not directly juxtaposed to the outer limiting membrane, but lie deeper, thus leaving a narrow zone between the outer limiting membrane and the nuclei occupied by the outer fibers. The synaptic terminals (pedicles) are aligned in one row foveally and in two to three rows parafoveally. They are laterally displaced so that in longitudinal sections the inner fibers are usually cut transversially (Fig. 1f) . The main parts of the inner nuclear and the inner plexiform layer are displaced sideways resulting in a pit with steep slopes (Fig. 3a) . In the foveal pit the ganglion cells are double-layered, whereas in the parafoveal region the ganglion cell layer comprises four to five and three to four layers in retinae of Lygodactylus and Gonatodes, respectively. Here and also in the parafovea, the nuclei of the ganglion cells lie one upon the other resulting in vertical layers which are isolated from each other by Mü ller cell endfeet (Fig. 3a) . Parafoveally, the ganglion cell layer consists of five to six (Lygodactylus) and eight to nine (Gonatodes) rows of nuclei.
The foveae of Sphaerodactylus species are also well-developed and concaviclivate, but with a broader and more rounded pit than in Lygodactylus and Gonatodes (Fig.  3b) . In the foveal pit the outer nuclear layer is arranged in up to 6 layers and is thickest in this region. The cone pedicles can be seen as a single bright row within the darker stained nuclei (Fig. 3b) . As in foveae of Lygodactylus and of Gonatodes, the main parts of the inner nuclear and the inner plexiform layers are displaced laterally. Foveally, the inner nuclear layer consists of two to three rows of nuclei, and parafoveally, of up to 12 rows. Within the foveal pit the ganglion cells are arranged in an ill-defined row, while in the parafoveal region they are distributed in two to three rows.
The foveae of the strictly diurnal Phelsuma species are not so well marked: they are only shallow depressions in the retina (Fig. 4a) . A foveal pit comparable to that of the other genera was not detected. The fovea can be identified by the increased visual cell density and hence by the thickening of the outer nuclear layer, which consists foveally of three to maximally four rows of nuclei. The pedicles of the visual cells comprise up to two rows and are displaced laterally. The neurons of the inner nuclear layer are banked in up to ten rows; the number of rows decreases towards the periphery where this layer consists of about two rows. The nuclei of the ganglion cells are arranged in vertical stacks (consisting of three to four nuclei) which are separated from each other by Mü ller cell endfeet. In comparison to the structure of the foveae of the genera Gonatodes, Lygodactylus and Sphaerodactylus, there is no pronounced displacement of the inner retinal layers.
Phelsuma guentheri differs from its congeners in being nocturno-diurnal. Unfortunately, there was not sufficient retinal material of P. guentheri for examination of regional specializations.
In all diurnal species provided with a fovea, displaced neurons from the inner nuclear layer are also present in the foveal and parafoveal regions; their nuclei lie in one row, occasionally in two rows, between the transversally cut outer fibers and the pedicles (Fig. 1f) .
Visual cell densities
In the retinae of all diurnal species -except for Rhoptropus barnardi -the visual cells become slender and less tapered from the periphery towards the fovea, so that the highest visual cell density is reached in the foveal pit (Table 2 ). The visual cell densities in the extrafoveal regions of diurnal geckos -including the afoveate R. barnardi -range from about 40000 cells/ mm 2 to about 51000 cells/mm 2 . They increase towards the fovea about four to fivefold reaching maxima of about 160000-250000 cells/mm 2 depending on the genus. In contrast, the visual cell densities in retinae of nocturnal species are markedly lower and range from about 10000 cells/mm 2 to 36000 cells/mm 2 . This number is almost constant in the whole retina except for the region of the ora serrata, where the visual cell density is reduced.
Fo6eal cones
In retinae of diurnal foveate species the lengths of their photoreceptor outer segments increase significantly from the extrafoveal region towards the foveal pit, where they are at least twice as long as those outside the fovea (Table  3) . As the outer segments of the cones are oriented in the direction of the foveal pit, their actual maximum lengths may be even longer. At the same time, their basal diameters decrease to about half, resulting in a slight decrease of the average volumes of outer segments from extrafoveal regions towards the fovea. The diameters of the paraboloids -generally the widest parts of reptilian visual cells -decrease by about 0.5-to 0.8-fold from the extrafoveal to the foveal region, depending on the cone type (Table 3) . The foveal cones of all species investigated lack oil droplets, although the visual cells in the extrafoveal regions of retinae of Gonatodes and Phelsuma possess oil droplets (Figs. 3e, f and 4b-f) . Extrafoveally, oil droplets -if present -are found in the minor members of type B double visual cells only (Fig. 4b, c) . Here, they are situated in the most scleral part of the ellipsoids. The double visual cell of type B consists of two cells of unequal sizes, a major (larger) member which is rather voluminous and possesses a prominent paraboloid, and a minor (smaller) member, which usually contains an oil droplet. Additionally, the gecko retina contains a second type of double visual cell (type C), which consists of two members of approximately equal sizes.
The foveae of all genera contain single and double cells; in the fovea of Sphaerodactylus even triplet cells have been found (Figs. 3d, f and 4e) . However, in foveal regions, the minor members of double cones of type B definitely lack an oil droplet (Fig. 4c, e) . In parafoveal regions, there are double cells of type B with and without oil droplets.
Discussion
The inner layers of gecko retinae are organized according to the basic plan of vertebrates. Except for the visual cell layers, the retinal organization does not differ markedly between diurnal geckos on the one hand and nocturnal geckos on the other hand. The whole thickness of the extrafoveal retina between the outer and the inner limiting membranes (inner retina) varies between the different species, but there is no clear relationship between thickness and activity period. For example, the inner retinal layers of the strictly diurnal genera Pristurus and Quedenfeldtia are relatively thin like those of the strictly nocturnal Paroedura. Also, the 
retinae of strictly diurnal vertebrates (Walls, 1942) . Nocturnal animals tend to have a considerably thinner inner nuclear layer. Thus, it is remarkable that a conspicuous difference in thickness of the inner nuclear layer of retinae of nocturnal and diurnal geckos has not been found.
A different result -concerning the thickness of retinal layers -was reported for representatives of the nocturnal gekkonid genera Homopholis, Pachydactylus and Tarentola, as compared with two other species of the diurnal genus Phelsuma (P. guimbeaui, P. madagascariensis) (Dieterich, Dieterich, & Hildebrand, 1976) . The absolute values of the thickness of the region 'between the inner limiting membrane and the inner nuclear layer' of these nocturnal geckos differ significantly from the corresponding retinal region of the diurnal Phelsuma species. However, when the data are transformed to relative values, they correspond to the values found in the present study.
The scleral part of the inner nuclear layer of gekkonid retinae is occupied by an ill-defined row of horizontal cells. In vertebrate retinae, the number of horizontal cell rows varies with the type and proportion of photoreceptors present. In retinae with an equal number of rods and cones there are generally two rows. Both size and number of horizontal cells increase with the proportion of rods: in retinae with a high ratio of rods there may be four rows of horizontal cells (Ali & Klyne, 1985) . In the pure cone retina of the iguanid lizard Anolis carolinensis, the horizontal cells are irregularly arranged in more or less one row (Sherry & Ulshafer, 1992) . Thus, the distribution of horizontal cells in all gecko retinae is similar to that in retinae of diurnal animals.
In all gekkonid species investigated here, the inner plexiform layer contributes significantly to the thickness of the inner retina. There is no obvious relationship between activity period and thickness of the inner plexiform retina.
Counts of cell nuclei of the ganglion cell layer and the visual cell layer in extrafoveal regions result in a thicknesses of inner retinae are not markedly influenced by absolute eye size, as that of the inner retinae of Paroedura and Uroplatus with similar eye sizes differ considerably. Furthermore, the inner retina of the small species Lepidodactylus lugubris is thicker than that of the larger species.
The most sclerad layer beneath the outer limiting membrane is the outer nuclear layer formed collectively by the visual cell nuclei. In all gekkonid species investigated, this layer consists generally of one row; this is characteristic for cone retinae.
The inner nuclear layer of geckos differs in number of rows of nuclei between the main categories diurnal and nocturnal. In retinae of nocturnal, diurno-nocturnal and even nocturno-diurnal species, it consists of about five to six rows. In retinae of strictly diurnal species, the inner nuclear layer is usually composed of about seven to eight and maximally of up to ten rows of nuclei.
The presence of a relatively thick inner nuclear layer consisting of eight to nine cells is characteristic for Table 3 Measurements of photoreceptor elements of geckos
Gonatodes
Lygodactylus picturatus Phelsuma andamanensis albogularis
Average length of outer segments 6.5 9 2.2; n =39 6.8 91.3; n = 21 9.1 91.6; n = 17 mm Extrafoveal Foveal mm 15.5 9 2.5; n =16 11.5 9 2.0; n = 17 18.6 9 2.9; n = 8 mm 2.1 9 0.3; n = 8 Average diameter of outer segment bases 1.9 9 0.2; n = 18 Extrafoveal 2.0 9 0.3; n =15 Foveal mm 1.4 9 0.2; n = 11 1.1 90.2; n = 27 1.1 9 0.2; n =9 Extrafoveal mm 3 Average volume of outer segments 11 6 7 Foveal mm 3 8 4 6 6.9 90.6; n = 17 5.5 90.7; n =11 5.8 90.6; n =24 mm Average diameter of paraboloids:
Extrafoveal Foveal mm Major member of type B double cone 3.3 90.5; n =7 3.4 90.3; n =6 3.5 90.2; n = 6 Extrafoveal mm 2.4 9 0.3; n =15 2.5 90.4; n =14 4.8 9 0.5; n =20 Average diameter of paraboloids: Foveal mm 2.0 90.2; n =7 2.0 9 0.4; n = 5 2.69 0.5; n =8 Double cones of type C and single cones convergence ratio (visual cells to ganglion cells) of approximately 1 in retinae of all gekkonid species. A similar ratio -even with a surplus of ganglion cellswas calculated for the diurnal species 'Phelsuma inunguis' (synonym of P. cepediana) and the nocturnal species Gekko gecko (Pedler & Tilly, 1964) .
Probably, this ratio is underestimated as the retinal ganglion cell layer of all vertebrates contains displaced amacrine cells. However, without staining of their dendrites and axons a clear differentiation between 'true' ganglion cells and displaced amacrine cells is generally impossible. In the retina of the diurnal agamid lizard Ctenophorus ornatus, displaced amacrine cells represent approximately 10% of the ganglion cell numbers (Beazley, Sherad, Tennant, Starac, & Dunlop, 1997) . If a similar percentage is assumed in gekkonid retinae, the convergence ratio increases only slightly.
Additionally, in the retina of the nocturnal gecko Hemidactylus frenatus one type of ganglion cell (h a ) has a displaced soma within the inner nuclear layer (Cook & Noden, 1998) . However, as this type represents only 0.38% of the estimated total number of ganglion cells, it can be neglected with regard to the convergence ratio.
Apparently, in the retina of both nocturnal and diurnal geckos one or at most a few photoreceptors are linked in average to one ganglion cell. Generally, in retinae of nocturnal vertebrates many rods converge on one ganglion cell, increasing visual sensitivity by high spatial summation which is reflected in poorly developed inner layers of the retina. In contrast, with respect to the structural features of the retina of nocturnal geckos and their low convergence ratio a high degree of summation cannot be expected.
Another mechanism of spatial summation is photoreceptor coupling. It generally improves the signal-tonoise ratio even under a wider variety of conditions than receptor/ganglion cell convergence as the photoreceptor output synapses are highly non-linear (Rowe, 1991) . Among reptiles, photoreceptor coupling has been observed between cones of turtles (Kolb & Jones, 1985) . However, it is not known if this mechanism occurs in gekkonid retinae (Peterson, 1991) .
While the eyes of nocturnal geckos are placed laterally, they are highly movable either independently of each other or coordinated under a transparent spectacle which covers the eyes of most geckos. Monocular vision allows the gecko a panoramic view for detection of prey objects or predators. Furthermore, the eyes can be directed forward to some extent resulting in a binocular field of view and subsequently in binocular fixation of prey. The advantages of binocular vision may become decisive in low ambient light intensities. These include increased signal-to-noise ratio and improved contrast detection (Lythgoe, 1979; Pettigrew, 1991 ). Thus, it seems possible that nocturnal geckos achieve higher visual sensitivity by using a binocular field of view while retaining a low convergence ratio and a relatively high visual cell density. That means that the development of binocularity allowed the geckos to become nocturnal retaining the general retinal structures of their diurnal ancestors.
Binocular vision in nocturnal geckos does not imply necessarily that they use stereoscopic vision. The ability to estimate distance is of the same importance for nocturnal geckos as for diurnal predatory lizards, which generally have laterally placed eyes and centrally located foveae. However, for estimation of distance the latter can use monocular clues only, e.g. movement parallax or accommodation values, while nocturnal geckos may be able to use binocular clues, e.g. asymmetry of the images on the two retinae which depend on the relation of the object to the sagittal plane of the animal (Locket, 1977) .
Chameleons are an exception among lizards. They have a single, centrally located fovea as most diurnal lizards. But because of the extreme mobility of their eyes they can fixate binocularly. Chameleons use accommodation cues when measuring the distance to their prey. As in geckos, there is no hint of the usage of stereoscopic vision (Harkness, 1977; Ott, Schaeffel, & Kirmse, 1998) .
Eyes of both the strictly nocturnal geckos species (Paroedura pictus, Phyllopezus pollicaris, Tropiocolotes nattereri, Uroplatus phantasticus) and the diurno-nocturnal species (Ailuronyx seychellensis, Lepidodactylus lugubris) investigated here completely lack foveae. All other nocturnal species investigated up to now are also afoveate (Tansley, 1959 (Tansley, , 1964 Underwood, 1970) . Obviously, they have lost the (presumably centrally located) fovea of their ancestors, as a fovea with a high visual cell density allows high visual acuity in high but not in low ambient light conditions. When starting to occupy diurnal niches again, geckos retained binocular vision from their nocturnal ancestors. Additionally, most diurnal and crepusculo-diurnal species -except R. barnardi -developed a new fovea with high visual cell densities located temporally in the peripheral retina. In laterally positioned eyes which can be directed frontally to some extent, this location corresponds to a region which represents a point in front of the gecko, within the binocular field. Once a prey item has been detected, both the head and the eyes are aligned toward it and the target is fixated binocularly as in nocturnal geckos. Thus, diurnal geckos use the same binocular clues -symmetry and relative positions of the images on the retinae -for distance estimation. It can be assumed that images of objects within attack range are projected right onto the foveae.
In eyes of the diurnal R. barnardi no definite fovea could be detected. Geckos of the genus Rhoptropus differ from other diurnal genera in having visual cells which are intermediate between the typical cones of diurnal geckos and those of nocturnal geckos (Rö ll, 2000b). Additionally, R. barnardi -like its congeners -is able to reduce the amount of light reaching the retina by closing its iris, while the aperture of the pupils of the other diurnal species is virtually fixed (Rö ll, 1996b) . Thus, geckos of the genus Rhoptropus appear to be just on the verge of evolving visual adaptations to strict diurnality.
In the genera investigated, foveation reaches its highest development in Gonatodes, Lygodactylus and Sphaerodactylus. Their foveae have a clearly defined pit and show displacement of the inner retinal layers, resembling the concaviclivate foveae of lacertids and scincids. Towards the fovea the cones gradually become more and more slender and cylindrical in form reaching a maximal density of about 220000-250000 cells/mm 2 . This is somewhat lower than the visual cell density in the central foveae of the scincid lizard Cryptoblepharus boutonii and of the iguanid lizard Anolis carolinensis, where densities of up to 290000 visual cells/mm 2 were observed (Makaretz & Levine, 1980; Rö ll, 1998) .
The shallow fovea of the genus Phelsuma is less specialized. It is only a depression in the retina, and there is no pronounced displacement of the inner retinal layers. Still, it is characterized by an increasing visual cell density reaching 160000 cells/mm 2 , which is, however, considerably lower than that of the foveae of the other diurnal geckos and of the central foveae of Cryptoblepharus and Anolis. In shape, the fovea of Phelsuma resembles that of the temporal fovea of anoline lizards. However, the visual cell density of the temporal (second) fovea of Anolis carolinensis reaches only 16000 cells/mm 2 ; this comparatively low value is obviously due to the large diameters of the photoreceptor inner segments (Makaretz & Levine, 1980) , and it is greatly surpassed even by the extrafoveal visual cell density of all diurnal geckos and indeed of some nocturnal geckos.
The extrafoveal visual cells of the genera Gonatodes and Phelsuma possess oil droplets which are found in the minor members of type B double visual cells in the scleral part of the ellipsoids. The colourless oil droplets in gekkonid visual cells are supposed to function as microlenses focussing light on the outer segments, provided that the diameters of the oil droplets are larger than those of the outer segment bases (Rö ll, 2000b) . Though within the fovea both single visual cells and double visual cells are present, the double cells lack oil droplets. It is assumed that in the densely packed foveal cones the necessary size ratio cannot be maintained and therefore any light funneling properties decrease significantly. This inturn may have led to the loss of foveal oil droplets.
On the other hand, single and double cones in the fovea of the scincid lizard C. boutonii retain their oil droplets (Rö ll, 1998) . However, here the main function of these yellow oil droplets apparently is the absorption of potentially harmful shortwave radiation. In eyes of diurnal geckos this function has been taken over by the yellow lens, the colour of which is caused by retinoids and/or carotenoids bound to lens crystallins (Rö ll & Schwemer, 1999; Rö ll, 2000c) .
Geckos have developed unexpected adaptations for visually guided prey capture both in dim and in bright light on the basis of pure cone retinae. Besides morphological modifications of the visual cells and biochemical changes in the lens crystallin composition, the use of their movable eyes for binocular vision and the development of temporally located foveae in diurnal species may in fact have contributed largely to the successful radiation of this group.
